
GEOCHEMICAL VARIATION OF INORGANIC CONSTITUENTS I N  A NORTH DAKOTA LIGNITE 

Frank R .  Karner, S teven  A. Benson, Harold H. Schober t ,  and Robin G.  Roaldson 

U.S. Department of  Energy 
Grand Forks  Energy Technology Center  

Box 8213,  Univers i ty  S t a t i o n  
Grand Forks ,  North Dakota 58202 

INTRODUCTION 

This  paper summarizes informat ion  on t h e  d i s t r i b u t i o n  of major and t r a c e  elements i n  
a S t r a t i g r a p h i c  sequence of sedimentary m a t e r i a l s  i n  a major l i g n i t e  producing por- 
t i o n  of the F o r t  Union reg ion  of  t h e  Northern Great P l a i n s .  Previous s tudy  of  the  
geochemical v a r i a t i o n  i n  t h e s e  sediments i s  summarized i n  t h e  l i t e r a t u r e  ( 1 , 2 ) .  
Major p a t t e r n s  of e lementa l  v a r i a t i o n s  i n  l i g n i t e  a r e  r e l a t e d  t o  f a c t o r s  a f f e c t i n g  
accumulation of both organic  and inorganic  components dur ing  d e p o s i t i o n  and aqueous 
p r e c i p i t a t i o n ,  d i s s o l u t i o n ,  and ion-exchange processes  a f t e r  d e p o s i t i o n .  Var ia t ions  
i n  overburden and underclay a r e  dependent upon s p e c i f i c  c l a y  minera l  v a r i a t i o n  and 
r e l a t i v e  abundances of  quar tz -  and f e l d s p a r - r i c h  s i l t  f r a c t i o n s  versus  c l a y  mineral- 
r i c h  f r a c t i o n s  of  t h e  sediment ,  a s  w e l l  a s  upon l o c a l  v a r i a t i o n  i n  carbonates  and 
o t h e r  elements. 

GEOLOGIC RELATIONSHIPS 

The Center mine, Ol iver  County, North Dakota i s  i n  t h e  F o r t  Union Coal Region, which 
i s  one of  t h e  l a r g e s t  r e s e r v e s  of  l i g n i t e  i n  t h e  world.  The F o r t  Union Coal Region 
l i e s  wi th in  t h e  North Great  P l a i n s  Coal Province and encompasses p o r t i o n s  of  north- 
c e n t r a l  United S t a t e s  and south-cent ra l  Canada, i n c l u d i n g  both t h e  subbituminous coals  
of t h e  nor thern  Powder River  Basin and t h e  l i g n i t e s  of  t h e  W i l l i s t o n  Basin (21,  a 
broad s t r u c t u r a l  and sedimentary i n t r a c r a t o n i c  b a s i n  t h a t  ex tends  over  an a r e a  of  
about  40,000 km2. Over 4600 m of  sedimentary rocks o v e r l i e  t h e  W i l l i s t o n  Basin i n  
i t s  deepest  p o r t i o n s  of McKenzie County, North Dakota. 

Important  l i g n i t e  beds of  t h e  F o r t  Union Region occur  wi th in  Ludlow, S lope ,  Bul l ion 
Creek, and S e n t i n e l  But te  Formations of  t h e  Paleocene F o r t  Union Group. 

The S e n t i n e l  But te  Formation has  been descr ibed  a s  a " l i g n i t e - b e a r i n g ,  nonmarine, 
Paleocene u n i t  whose outcrops  a r e  somber gray and brown" ( 3 ) .  Rock types  include 
sandstone,  s i l t s t o n e ,  c l a y s t o n e ,  l i g n i t e ,  and l imes tone .  The l i g n i t e  beds t y p i c a l l y  
vary  from l e s s  than  1 meter  t o  3-5 meters  i n  th ickness  ( 4 ) .  The Oliver-Mercer County 
d i s t r i c t  i s  l o c a t e d  i n  e a s t e r n  Mercer and n o r t h e a s t e r n  O l i v e r  Counties wi th  the 
p r i n c i p a l  bed, t h e  Hagel bed,  ranging i n  th ickness  from 3 t o  4 meters  a t  t h e  Center 
Mine ( 4 ) .  

The sampling program (5 )  was designed t o  o b t a i n  s t r a t i g r a p h i c a l l y  c o n t r o l l e d  spec i -  
mens f o r  a s tudy of t h e  c h a r a c t e r ,  d i s t r i b u t i o n ,  and o r i g i n  of  t h e  inorganic  con- 
s t i t u e n t s  i n  l i g n i t e .  

1. Incremental samples of  underc lay ,  l i g n i t e ,  and overburden a t  each mine. 

2 .  Duplicate  v e r t i c a l  s e c t i o n s  and l a t e r a l  samples t o  t e s t  v a r i a t i o n .  

3 .  Samples of  s p e c i f i c  beds,  l e n s e s ,  f a u l t  zones,  minera l  concent ra t ions ,  o r  o ther  

The o b j e c t i v e s  of t h e  f i e l d  sampling were t o  o b t a i n :  

a r e a s  of unusual  a s p e c t .  



L i g n i t e ,  l i g n i t e  overburden,  and underc lay  were c o l l e c t e d  from a v e r t i c a l  s e c t i o n  on 
t h e  high walls a t  t h e  Center  mine. F i g u r e  1 i l l u s t r a t e s  t h e  s t r a t i g r a p h i c  s e c t i o n s  
and sample l o c a t i o n s .  Choice of s e c t i o n s  t o  be sampled was based on a c c e s s i b i l i t y  t o  
a r e a s  i n  the  mines due t o  mining a c t i v i t y .  

To minimize contaminat ion,  m a t e r i a l  from s l o p e  wash and mining a c t i v i t y  was f i r s t  
removed from each s e c t i o n .  I n  o r d e r  t o  o b t a i n  samples of underclay it was necessary 
t o  d i g  down a t  t h e  base  of  t h e  lowest  l i g n i t e ,  s i n c e  i n  s u r f a c e  mining t h e  underclay 
i s  normally l e f t  undis turbed .  Once t h e  s e c t i o n  t o  be sampled was exposed it was 
measured and marked a t  30 cm i n t e r v a l s  ( through t h e  l i g n i t e ,  s t a r t i n g  a t  t h e  base)  
and then  a t  a d d i t i v e  increments  of  1 m through t h e  e x t e n t  of t h e  overburden i n  the  
mine c u t .  

Samples were c o l l e c t e d  (Table 1) over  a 10 cm by 50 cm a r e a  a t  t h e  bottom of  each / 

marked i n t e r v a l  of t h e  measured s e c t i o n .  Samples were c o l l e c t e d  a t  a l l  contac ts  
between l i t h o l o g i c  u n i t s  when t h e  c o n t a c t  was found and a t  p o i n t s  of i n t e r e s t  ( f o r  
example: i ron  su l f ide-coa ted  j o i n t s ,  c l a y  p a r t i n g s ,  sand l e n s e s ,  c o n c r e t i o n s ) .  A l l  
samples were s t o r e d  i n  p l a s t i c  bags i n s i d e  cardboard c a r t o n s .  

TABLE 1 
I 

SAMPLE DESCRIPTIONS AND LOCATION, CENTER MINE 

Height ,  
Sample B met e r s.9~ 

1-1-D 
1-2-D 
1 - 3 - D  
1-4-D 
1-5-D 
1-6-D 
1-7-D 
1-8-D 
1-9-D 
1-10-D 
1-11-D 
1-12-D 
1-13-D 
1-14-D 
1-15-D 
1-16-D 
1-17-D 

1-19-D 
1-20-D 
1-21-D 
1-22-D 
1-23-D 

1-18-D 

-0.05 
0.05 
0.40 
0.70 
1.00 
1.25 
1.50 
1.70 
1.90 
2.10 
2.45 
2.55 
3.65 
4.15 
4.50 
4.15 
4.85 
5.15 
5.45 
5 .60  
5.75 

6.45 
5.85 

Descr ip t ion  

Underclay,  g ray  
Black l i g n i t e ,  very hard 
Black l i g n i t e ,  very hard 
Black l i g n i t e ,  very hard 
Black l i g n i t e ,  very hard 
Black l i g n i t e ,  very  hard 
Black l i g n i t e ,  very hard 
Black l i g n i t e ,  very  hard 
Black l i g n i t e ,  very  hard 
Black l i g n i t e ,  very hard 
Black-brown l i g n i t e ,  s o f t  and f r a c t u r e d ,  top  of  seam 
Dark g r a y  organic  r i c h  s i l t  
Gray sand ,  f i n e - g r a i n e d ,  f o s s i l i z e d  
Gray sand w i t h  a c l a y  mat r ix  
Concret ion zone 
Brown l i g n i t e ,  very  s o f t ,  s i l t y  
Gray-green c l a y  
Brown l i g n i t e ,  very  s o f t ,  s i l t y  
Brown l i g n i t e ,  top of seam 
Gray s i l t y  c l a y  
Brown l i g n i t e  wi th  s i l t y  in te rbedded  l a y e r s  
Gray s i l t s t o n e  
Gray s i l t s t o n e ,  1-2 mm laminae 

*Height from base of  major l i g n i t e  seam. 
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GEOLOGICAL CHARACTERISTICS 

The Center mine lignite is a black to brownish black coal that slacks rapidly on 
exposure to the atmosphere and typically contains dark carbonaceous clay or grey clay 
Partings ( 4 ) .  The underclay is a grey-green clay with lignite fragments. The over- 
burden is grey fine-grained sediment primarily consisting of clayey silts and silty 
clays with minor concretionary zones and sands. Logan ( 6 )  has described the over- 
burden sequence as the Kinneman Creek interval and has interpreted it to be of lacu- 
strine origin. Generally the early Cenozoic sediments in this region are believed to 
have been deposited in a coastal complex of stream channel and flood plain, swamp, 
lake, and delta environment. 

INORGANIC CONSTITUENTS 

Inorganic constituents in the Sentinel Butte sediments are present as 1 )  detrital 
mineral grains and volcanic glass fragments, 2 )  components of organic debris, 3)  
authigenic mineral grains and cement, and 4 )  ions adsorbed by clay and other minerals 
and organic material (7,8,9,10). 

A summary of minerals observed in the Sentinel Butte Formation is given in Table 2 
(9 ) .  Major original detrital constituents include montmorillonite, quartz, plag- 
ioclose, alkali feldspar, biotite, chlorite, volcanic glass and rock fragments. 
Major minerals formed during deposition and diagenesis by conversion of original 
detrital constituents consist of  montmorillonite, chlorite, and kaolinite. Pyrite, 
gypsyl hematite, siderite, and calcite (?)  formed in post-depositional. reducing and 
oxldlzing reactions related to changing conditions of deposition, burial, and ground- 
water movements. 

7 

TABLE 2 

INORGANIC CONSTITUENTS IN THE SENTINEL BUTTE FORMATION 

Constituent Overburden Lignite Underclay 

Alkali feldspars 
Augite 
Barite 
Biotite 
Calcite/Dolomite 
Siderite 
Chlorite 
Gypsum 
Hemati te 
Hornblende 
Illite 
Kaolinite 
Magnetite 
Montmorillonite 
Muscovite 
Plagioclase 
Pyrite 
Quartz 
Volcanic Glass 
Rock fragments 

xx 

X 
xx 
xx xx 

X 
xx 
xx 
X 
xxx 
X 
xxx 
xxx 
X 
xx 

X X 
X 
X 

X 

X X 
xxx 
xx 
X X 
xxx xxx 
X xxx 
X X 
xx 
xxx xxx 

XXX = Abundant 
XX = Common 
X = Minor 

1 2 5  



GEOCHEMICAL VARIATION IN OVERBURDEN AND UNDERCLAY 

Previous work (7,8) and our  c u r r e n t  work seeks t o  r e l a t e  chemical v a r i a t i o n s  t o  v a r i -  
a t i o n s  i n  t h e  o r i g i n a l  minera l  c o n t e n t  of t h e  sediments and t o  v a r i a t i o n s  due t o  
pos t -depos i t iona l  minera l  r e a c t i o n s .  

Overburden sediments a r e  t y p i c a l l y  s i l t y  c l a y s  wi th  about  80 p c t  c l a y  and 20 pct  
s i l t .  Other sediments inc lude  clayey s i l t s  and f i n e  sands wi th  varying organic 
conten t  and ca lcareous  cement. S i d e r i t i c  concre t ion  zones a r e  p r e s e n t .  Clay-rich 
sediments a r e  enr iched  i n  some elements  p a r t i c u l a r l y  A l ,  Mg, and T i .  Carbonate-rich 
sediments a r e  enr iched  i n  Ca and Fe (concre t ionary  zones) .  Sodium shows a tendency 
t o  increase  downward t o  a high i n  o r g a n i c - r i c h  s i l t y  c l a y ,  above t h e  l i g n i t e .  Spec- 
i f i c  beds, inc luding  t h e  underc lay ,  a r e  markedly enr iched  i n  potassium, possibly 
r e l a t e d  t o  h igh  mica c o n t e n t .  

EXPERIMENTAL 

Samples of c o a l ,  overburden, and underclay were d r i e d  and analyzed by neutron ac t iva-  
t i o n  (NAA) and x-ray f luorescence  a n a l y s i s  (XRF). NAA a n a l y s i s  was performed by the 
Nuclear Engineer ing Department, North Caro l ina  S t a t e  Univers i ty .  .The system de- 
s c r i p t i o n  and d e t e c t i o n  l imits f o r  c o a l  and coa l  f l y  a s h  a r e  summarized by Weaver 
(11). XRF was done a t  GFETC w i t h  an energy d i s p e r s i v e  x-ray system. Mineralogy o f  
t h e  overburden and underclay was determined by x-ray d i f f r a c t i o n  (XRD). The crys-  
t a l l i n e  phases p r e s e n t  i n  t h e  c o a l  were determined by XRD of t h e  low-temperature ash 
o f  t h e  coa l .  

RESULTS AND DISCUSSION 

Mineralogy of t h e  S t a t i g r a p h i c  Sequence - X-ray d i f f r a c t i o n  was used t o  determine the  
major minerals  p r e s e n t  i n  t h e  overburden,  underclay,  and of t h e  low-temperature ash 
of t h e  coa l .  The r e s u l t s  a r e  summarized i n  F i g u r e  2 ,  which i l l u s t r a t e s  t h e  d i s t r i -  
bu t ion  o f  minera ls  throughout  t h e  sequence. The most d i s t i n c t  v a r i a t i o n  i n  the  
overburden i s  t h e  concre t ion  zone,  which i s  a very  compact, cemented zone r i c h  i n  
s i d e r i t e  and dolomite .  The remaining f r a c t i o n s  of t h e  overburden a r e  c o n s i s t e n t  with 
varying amounts of  q u a r t z ,  k a o l i n i t e ,  muscovite, and p l a g i o c l a s e .  

The bulk mineralogy of t h e  c o a l  a l so  represented  i n  F i g u r e  6 r e v e a l s  t h e  presence of 
q u a r t z ,  c a l c i t e ,  b a s s o n i t e ,  k a o l i n i t e ,  and p y r i t e  i n  vary ing  amounts. Bassoni te  i s  
poss ib ly  a product  of organic  s u l f u r  f i x a t i o n  wi th  o r g a n i c a l l y  bound calcium ( 1 2 ) .  
P y r i t e  appears t o  i n c r e a s e  wi th  depth  i n  t h e  seam. 

Var ia t ions  of Elements i n  t h e  S t r a t i g r a p h i c  Sequence - The r e s u l t s  of t h e  neutron 
a c t i v a t i o n  and x-ray f luorescence  a n a l y s i s  f o r  t h e  s t r a t i g r a p h i c  sequence a r e  l i s t e d  
i n  Table 3.  

Varia t ion  Within'Major Coal Seam - The d i s t r i b u t i o n  of  e lements  throughout  t h e  sec-  
t i o n  sampled i n  t h e  c o a l  seam can be  summarized by f o u r  g e n e r a l  t rends :  1) concen- 
t r a t i o n  of  e lements  i n  t h e  margins;  2)  concent ra t ion  i n  t h e  lower p a r t  of  t h e  seam; 
3)  even d i s t r i b u t i o n ;  4 )  without  a c l e a r  p a t t e r n .  These t r e n d s  can be b e s t  examined 
by p l o t t i n g  or  c h a r t i n g  them w i t h  l o c a t i o n  i n  t h e  seam. 

The elements which were concent ra ted  a t  o r  near  t h e  margins of  t h e  c o a l  seam included 
A l ,  T i ,  Fe, C 1 ,  Sc,  C r ,  Co, N i ,  Zn, A s ,  Ru, Ag, C s ,  Ba, La, Ce, Sm, and U. An 
example of a t y p i c a l  d i s t r i b u t i o n  i s  a graph of  Zn shown i n  F igure  3,  which i l l u s -  
t r a t e s  t h e  d i s t r i b u t i o n  of z i n c  throughout  t h e  e n t i r e  s t r a t i g r a p h i c  sequence. 

The elements which a r e  concent ra ted  a t  t h e  margins of t h e  l i g n i t e  seam a r e  most 
l i k e l y  a s s o c i a t e d  wi th  t h e  d e t r i t a l  c o n s t i t u e n t s ,  such a s  f i n e l y  d iv ided  c l a y  min- 

Descr ip t ions  of t h e  samples a r e  l i s t e d  i n  Table 1. 
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e r a l s .  The p o s s i b l e  a s s o c i a t i o n s  of  t r a c e  and minor e lements  wi th  c lays  a r e  summar- 
ized  by Finkelman (13). The elements which have p o s s i b l e  a f f i n i t i e s  t o  c l a y  and 
o t h e r  sedimentary environments i n  r e l a t i o n  t o  coa l  seams i n c l u d e  A l ,  S C ,  T i ,  C 1 ,  Cr, 
La, Mg, and Fe. A second group of e lements ,  inc luding  Fe,  Co, N i ,  Zn, A s ,  and Ag, 
may a s s o c i a t e  i n  t h e  margins wi th  p y r i t e  o r  o t h e r  s u l f i d e s .  
with t h e  organic  p a r t  of t h e  c o a l  bu t  can be a s s o c i a t e d  wi th  a d i v e r s e  s u i t e  of ur- 
anium minerals  (13). Other e lements ,  such a s  Ru, Ce, Sm, have not  been ex tens ive ly  
s tud ied  b u t  appear  t o  have an a s s o c i a t i o n  wi th  d e t r i t a l  minera ls .  

The elements which have an even d i s t r i b u t i o n  inc lude  Cd, tln, Mg, Na, and Ca. A s  an 
example, Figure 4 r e p r e s e n t s  t h e  d i s t r i b u t i o n  of Ca w i t h i n  t h e  s t r a t i g r a p h i c  se- 
quence. The major i ty  of t h e s e  elements a r e  o r g a n i c a l l y  hound o r  a s s o c i a t e d  with 
au th igenic  minera ls .  The elements  which a r e  considered t o  be o r g a n i c a l l y  bound 
include Ca, Na, Mg, and Mn (14). This a s s o c i a t i o n  would be  a s  t h e  counter  i o n  with 
t h e  carboxyl ic  a c i d  f u n c t i o n a l  groups of t h e  carbonaceous s t r u c t u r e .  Calcium, Mg, 
and Mn may a l s o  e x i s t  a s  carbonates  which form i n  t h e  coa l  during c o a l i f i c a t i o n .  
C a l c i t e  ( C a C 0 3 ) ,  f o r  example, was i d e n t i f i e d  i n  t h e  low-temperature a s h  of t h e  coal .  
Cadmium i n  o t h e r  c o a l s  has  been found a s s o c i a t e d  wi th  s u l f i d e s  (13). Its inc lus ion  
i n  t h i s  group may r a t h e r  i n d i c a t e  an organic  a s s o c i a t i o n ,  a t  l e a s t  i n  t h i s  l i g n i t e .  
The calcium and cadmium ions  have s i m i l a r  i o n i c  p o t e n t i a l s  (2.2) and may therefore  
behave s i m i l a r l y  toward carboxyl ic  groups.  

Elements which showed a tendency t o  concent ra te  toward t h e  base  of t h e  l i g n i t e  seam 
a r e  V ,  K ,  and Sb. F igure  5 represents  t h i s  t rend  by a graph of  t h e  d i s t r i b u t i o n  of 
Sb. The increased  concent ra t ion  of K toward t h e  base  of t h e  seam i s  very  s u b t l e .  
Vanadium and Sb i n c r e a s e  s h a r p l y  a t  t h e  base of t h e  seam. Vanadium has  s t r o n g  or- 
ganic  tendencies  (13). Sb has s t r o n g  cha lcophi le  tendencies  (15) so it is  poss ib le  
t h a t  Sb i s  a s s o c i a t e d  wi th  t h e  s u l f i d e s .  

The elements which r e v e a l  no c l e a r  p a t t e r n  of d i s t r i b u t i o n  inc lude  Se ,  B r ,  C s ,  Eu, 
and Yb. Bromine i s  an example, a s  i l l u s t r a t e d  i n  F igure  6. The probable  reason is  
t h a t  low concent ra t ions  of t h e s e  elements a r e  near  t h e  d e t e c t i o n  l i m i t s  of  t h e  an- 
a l y s i s  and thus  may have g r e a t e r  experimental  e r r o r .  

Although t h e  concent ra t ions  of r a r e  e a r t h  elements a r e  q u i t e  low, t h e r e  i s  never- 
t h e l e s s  a reasonable  agreement with t h e  r a r e  e a r t h  abundance p a t t e r n  i n  sedimentary 
rocks.  This  p a t t e r n  can be seen  i n  Table 4 ,  which compares average concent ra t ions  i n  
t h e  main seam of  l i g n i t e  (samples 1-2-D through 1-11-D), a f t e r  r e j e c t i o n  of o u t l i e r s ,  
wi th  t h e  sedimentary rock p a t t e r n .  For convenience i n  comparing t h e  d a t a ,  bo th  sets 
of data  have been c a l c u l a t e d  a s  r a t i o s .  The sedimentary rock d a t a  i s  from reference  
16. Note t h a t  t h i s  comparison i s  only of t h e  p a t t e r n s  of abundance, and n o t  of  the  
magnitudes. I n  t h e  case of  europium, t h e  comparison i s  c e r t a i n l y  inf luenced  by work- 
ing near  t h e  d e t e c t i o n  l i m i t  i n  t h e  l i g n i t e  samples. 

Uranium can he assoc ia ted  

TABLE 4 

PATTERNS OF ABUNDANCE OF RARE EARTHS 
IN LIGNITE AND SEDIMENTARY ROCKS 

Element L i g n i t e  R a t i o ,  La/x Sedimentary Rock R a t i o ,  La/X 

La 
C e  
Sm 
Eu 
Yb 

1.0 
0.91 
3.1 

9.1 
10 

1.0 
0.63 
3.1 

9 . 4  
19 
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Reasonable q u a l i t a t i v e  agreement e x i s t s  among t h e  e lementa l  v a r i a t i o n s  observed 
here ,  t h e  i o n i c  p o t e n t i a l  of t h e  e lements ,  and t h e  chemical f r a c t i o n a t i o n  behavior .  
Chemical f r a c t i o n a t i o n  determines the  amount of each element p r e s e n t  a s  ion-exchange- 
a b l e  c a t i o n s ,  a s  ac id-so luble  minera ls  or coord ina t ion  complexes, and a s  inso luble  
minera ls .  Our a p p l i c a t i o n  of t h i s  procedure t o  o t h e r  l i g n i t e s  has  been discussed 
previously (17) .  I n  g e n e r a l ,  those  elements which would be p r e d i c t e d  t o  form in-  
s o l u b l e  hydrolysates  on t h e  b a s i s  of t h e i r  i o n i c  p o t e n t i a l  ( t h a t  i s ,  3 < Z/r < 12) 
a r e  found concent ra ted  near  t h e  margins  of  t h e  seam and, i n  chemical f r a c t i o n a t i o n ,  
mainly occur a s  a c i d - i n s o l u b l e  minera ls .  Examples of  elements i n  t h i s  ca tegory  a r e  
A l ,  T i ,  Cr, and N i .  On t h e  o t h e r  hand, e lements  of  Z / r  < 3 would l i k e l y  e x i s t  as  
hydrated c a t i o n s ;  t h e s e  elements  g e n e r a l l y  show even d i s t r i b u t i o n  through t h e  seam 
and a r e  removed by ion-exchange wi th  ammonium a c e t a t e  i n  chemical f r a c t i o n a t i o n .  Ex- 
amples are Ca, Mg, and Na. 

Var ia t ion  Within t h e  Overburden - The d i s t r i b u t i o n  of  e lements  i n  t h e  overburden i s  
cons is ten t  i n  t h e  c l a y - s i l t - s a n d  reg ions  wi th  t h e  except ion  of t h e  concre t ion  zone. 
This  zone i s  extremely high i n  i r o n  due t o  t h e  s i d e r i t e .  The o t h e r  elements which 
a r e  concentrated i n  t h e  c o n c r e t i o n  zone inc lude  Ag, N i ,  Fe ,  Sc ,  Yb, Cd, S e ,  and Zn. 
The elements which a r e  deple ted  a r e  Co, Ce, Cs, A s ,  Cr, Ru, C 1 ,  and Na. The small  
c o a l  seam d i r e c t l y  above t h e  c o n c r e t i o n  zone has  high concent ra t ions  o f  A s ,  V ,  Sb, 
and U. Figure  7 r e p r e s e n t s  uranium d i s t r i b u t i o n  throughout  t h e  s t r a t i g r a p h i c  sec- 
t i o n ,  note t h a t  t h e  h i g h e s t  c o n c e n t r a t i o n  of uranium anywhere i n  t h e  s e c t i o n  i s  i n  
t h e . l i g n i t e  seam d i r e c t l y  above t h e  concre t ion  zone. 

Many of t h e  minor m e t a l l i c  e lements  have concent ra t ions  l y i n g  wi th in  20% of t h e  
average  values  f o r  s h a l e s .  This  comparison i s  i l l u s t r a t e d  by t h e  da ta  i n  Table 5 ,  
which compares t h e  average concent ra t ions  i n  t h e  underclay and overburden samples, 
a f t e r  s t a t i s t i c a l  r e j e c t i o n  of o u t l i e r s ,  wi th  t a b u l a t e d  va lues  from t h e  l i t e r a t u r e  
(18) .  The most no tab le  except ion  i s  manganese. 

TABLE 5 

COMPARISON OF AVERAGE MINOR ELEMENT CONCENTRATIONS FOR 
OVERBURDEN/UNDERCLAY SAMPLES WITH AVERAGE CONCENTRATIONS FOR SHALES 

CONCENTRATIONS IN PPM 

Element Overburden/Underclay S h a l e s  Element Overburden/Underclay Shales  

Ba 760 
Ce 56 
co 13 
C r  92 
Mn 269 
N i  1 2  

600 s c  15 
70 Th 10 
20 T i  3650 

100 U 2.8 
850 V 139 

80 Zn 51  

15 
12 

4600 
3.5 
130 
90 

The v a r i a t i o n  of potassium i n  t h e  overburden and underc lay  i s  extreme, ranging 
from 1000 t o  30,000 ppm. The reasons  f o r  t h i s  v a r i a b i l i t y  a r e  n o t  c l e a r l y  under- 
s tood ,  but  may be  due t o  t h e  m i n e r a l s  i n  t h e  overburden and underclay,  some of which 
would be potassium-containing c l a y s  and o t h e r s  n o t .  F igure  8 represents  t h e  d i s t r i -  
b u t i o n  of potassium w i t h i n  t h e  s t r a t i g r a p h i c  sequence. 
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INTERPETATION OF PATTERNS OF ELEMENT DISTRIBUTION 

The observed p a t t e r n s  of element d i s t r i b u t i o n  i n  t h e  l i g n i t e  seam may be expla ined  by 
both  changes i n  d e p o s i t i o n a l  condi t ions  dur ing  accumulat ion and subsequent chemical 
changes during d iagenes is  and pos t -d iagenet ic  processes .  Depos i t iona l  f a c t o r s  in-  
vo lv ing  a d d i t i o n  of g r e a t e r  f r a c t i o n s  of d e t r i t a l  c l a y  and s i l t  a t  t h e  beginning and 
end of p e a t  depos i t ion  would increase  S i ,  A l ,  Mg, Ca, Na, K ,  and p o s s i b l y  o ther  
elements i n  the  margins of t h e  l i g n i t e .  Other p o s s i b l e  d e p o s i t i o n a l  f a c t o r s  include 
changing of Eh o r  pH, i n f l u x  of a s h ,  o r  changing b o t a n i c a l  f a c t o r s  a t  t h e  beginning 
and end of  p e a t  depos i t ion .  Pos t -depos i t iona l  f a c t o r s  r e l a t e d  t o  t h e  flow of 
meteoric  water ( i . e . ,  water  der ived from t h e  atmosphere) through t h e  l i g n i t e  l a t -  
e r a l l y  might s e l e c t i v e l y  concent ra te  e lements  i n  t h e  margins of t h e  seam o r  a t  i t s  
c e n t e r .  V e r t i c a l  flow might concent ra te  e lements  a t  e i t h e r  t h e  upper o r  lower mar- 
g i n ,  depending on flow d i r e c t i o n  and on t h e  n a t u r e  of t h e  a d j o i n i n g  sediments .  Other 
pos t -depos i t iona l  f a c t o r s  might be r e l a t e d  t o  t h e  changing geochemistry of t h e  l i g -  
ni te-forming environment, such a s  Eh and pH changes,  b o t a n i c a l  changes due t o  break- 
down of p l a n t  m a t e r i a l ,  and geologica l  f a c t o r s  such a s  depth of b u r i a l ,  temperature ,  
compaction, o r  changes i n  groundwater chef i i s t ry .  The e x i s t e n c e  of s e v e r a l  types  of  
p a t t e r n s  suggests  t h a t  s e v e r a l  p rocesses  have been o p e r a t i v e  dur ing  t h e  geologica l  
h i s t o r y  of t h i s  sequence. 

Future  work w i l l  inc lude  a very d e t a i l e d  sampling of s e v e r a l  v e r t i c a l  s e c t i o n s  of a 
mine t o  descr ibe  groundwater in f luences  on t h e  formation of a u t h i g e n i c  minera ls  and 
on t h e  d i s t r i b u t i o n  o r  o r g a n i c a l l y  a s s o c i a t e d  elements .  
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FIGURE 1. Description of stratigraphic sequence. 
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- 1  

X-ray diffraction mineral identification + 

Major a Quartz 

Quartz 
Quartz 

Quartz 
Slderlte - . . -  r-: 4 Quartz 

- _ _  

9 1  

Quartz 

Bassanite' 

Bassanite* 

Quartz 

- -- -- 

Minor 

Muscovite, kaolinite, plagioclace 
calcite, montmorillonite 
Muscovite,kaolinite, plagioclace 
Muscovite, kaolinite, plagioclace 

Muscovite, kaolinite, plagioclace 
Quartz, dolomite, muscovite/biotite 

muscovite, kaolinite, plagioclase 

I ,  I ,  3 ,  

I ,  I ,  ,! 

I ,  1 9  I ,  

Calcite, bassanite: kaolinite, pyrite 

Quartz, pyrite, kaolinite, calcite 

Quartz, pyrite, kaolinite, calcite 

Kaolinite, muscovite, plagioclase 

+Abundance listed in decreasing order 
*Bassanite may b e  a product of the Low-temperature ashing procedure 

FIGURE 2. Mineralogy of the stratigraphic sequence 
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FIGURE 3. Zinc distribution in the stratigraphic sequence. 
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FIGURE 4 .  Calcium distribution in the stratigraphic sequence. 
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Ant imony-Par ts  Per Million 

FIGURE 5. Antimony distribution in the stratigraphic sequence. 

e- I--- l 

Bromine-  Parts per Million 

FIGURE 6. Bromine distribution in stratigraphic sequence 
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u - Par ts  ~ e r  Million 

FIGURE 7 .  Uranium d i s t r i b u t i o n  i n  t h e  s t r a t i g r a p h i c  sequence. 
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Polassium - Parts per Million 

FIGURE 8. Potassium d i s t r i b u t i o n  i n  t h e  s t r a t i g r a p h i c  sequence 

137 


